Cyperus esculentus (Yellow Nutsedge) is a troublesome weed with broad infraspecific variation. A growing experiment was performed in which diverse clones were raised under different environmental conditions. Sixty five characters were measured and evaluated based upon their sensitivity to environmental and clonal differences. Of these, 17 proved to be sufficiently reliable for taxonomic purposes. They concern size and shape of floral parts rather than dimensions of spikes, which were until now thought to be the diagnostic characters. Herbarium material from all continents where C. esculentus is present was studied, including type material of varieties; 70 plants were selected, the 17 parameters measured, and the data analysed by multivariate techniques. Four clusters were distinguished, which appeared to broadly represent four varieties described by Kiikenthal in 1935; three of his seven varieties were rejected, var. cyclolepis, var. nervoso-striatus, and var. sprucei. The four remaining varieties are discussed and described, and a key is given for their identification. They are var. esculentus, var. leptostachyus, var. macrostachyus, and var. heermannii.
troublesome perennial weed with a worldwide distribution. It is present on all continents except Antarctica and it is a serious pest in at least 10 countries (Bendixen and Nandihalli 1987). Holm et al. (1977) regarded it as the world's 16th worst weed. Its range has recently expanded through migrations into N.W. Europe (Rotteveel 1993; Ter Borg and Schippers 1992; Van Groenendael and Habekotte 1988) . Although Yellow Nutsedge produces viable seeds, the weed usually spreads by means of the small tubers produced on the rhizomes, and hence a population in a single field may be the progeny of one or only a few genotypes (Horak and Holt 1986) .
Although Horak and Holt (1986) found little variation within populations of this clonal spe-cies, morphological variation between populations appeared to be fairly wide. Cyperus esculentus was reported to be variable in respect to a number of agriculturally important characters: e.g., response to herbicides (Costa and Appleby 1976; Hauser 1968; Schippers et al. 1993 ); tuber size, day length requirements, and aggressiveness related to length and depth of rhizomes (Yip 1978 a, b) ; susceptibility to winter kill (Matthiesen and Stoller 1978) ; frost tolerance of tubers and effects of shading (Ter Borg et al. 1988 ). According to Cavers (1985) , the problem of intraspecific variation in weed species will become increasingly important in the near future because of plant introduction and selection by new methods of weed control.
The first study of the infraspecific taxonomy of Yellow Nutsedge was done by Boeckeler [Volume 20 (1870) who reduced two American species, C. phymatodes H.L. Mi.ihl. and C. lutescens Torr. & Hook. to C. esculentus var. leptostachyus Boeckeler and var. macrostachyus Boeckeler, respectively. Moreover, he recognized a cultivated taxon, C. esculentus var. sativus Boeck. (known as earth almond, tiger nuts, or chufa) which is distinguished by its large edible tubers.
In 1884, Clarke described C. esculentus var. sprucei Clarke, and Britton (1886) distinguished var. angustispicatus Britton. The latter author also reduced C. heermannii Buckley to C. esculentus var. heermannii (Buckley) Britton. Ascherson and Graebner (1902-1904) divided the species in two races: the edible, cultivated sativus, and aureus, including all wild and weedy material . De Vries (1991) proposed cv. Chufa for the cultivated taxon.
In an extensive revision of Cyperaceae, Kiikenthal (1935) reviewed the varieties mentioned and described two more, var. nervosostriatus (Turrill) Kiik. ( = C. nervoso-striatus Turrill) and var. cyclolepis Boeck. ex Kiik. Table 1 summarizes the morphological characteristics of the seven weedy varieties he distinguished based on characters of the inflorescence only. Kiikenthal's study included herbarium material from North and South America, Africa, southern Europe, the Middle East, and India. Based on Kiikenthal's work, var. esculentus has the widest range, with most of the accessions (85) originating from Africa, 16 recorded from North and South America, 22 from southern Europe, two from the Middle East, and nine from India. Two varieties, var. nervoso-striatus and var. cyclolepis were restricted to southern and eastern Africa, and were represented by one and two sheets, respectively. The three other varieties originated from the Americas, with var. leptostachyus the most common ( 67 citations). Variety macrostachyus, var. sprucei, and var. heermannii were cited 12, six and four times, respectively.
Certain American floras reduced the rank of the taxa, and distinguished a number of forms within var. esculentus [f. esculentus, f. angustispicatus (Britt.) Fern. and f. macrostachyus (Boeckl.) Fern.] , with differences mainly based on size of the spikelets (Fernald 1950; Steyermark 1963) . Mohlenbrock (1960) maintained the level of variety, included additional characteristics when describing them, and changed their circumscriptions without discussion. Stoller and Sweet (1987) , reviewing the American literature on physiological and ecological variation within C. esculentus, pointed to problems in classification and indicated several inconsistencies. In a preliminary report on the infraspecific variation of C. esculentus in the Netherlands Ter Borg et al. (1988) described four biotypes (A-D), including data on vegetative characters. They had difficulties establishing the taxonomic position of their material.
Since the difficulties of Ter Borg et al. (1988) could be due to plasticity of the characters commonly used for identification, an experimental study was undertaken to evaluate the taxonomic value of a range of morphological characters of C. esculentus. Characters with low sensitivity to environmental variation were considered taxonomically important and were selected for a multivariate numerical analysis. The results formed the basis for an evaluation of the taxa described by Kiikenthal (1935) , a revision of the infraspecific taxonomy of C. esculentus, and an assessment of the geographic distribution of the infraspecific taxa.
MATERIALS AND METHODS
Testing Character Reliability. Clones of C. esculentus, raised from single tubers collected in six populations were kept in an experimental garden since 1987. These clones covered the variation observed in the Netherlands and included the four biotypes, A-D, distinguished by Ter Borg et al. (1988) . Biotypes A and B were represented by two populations and biotypes C and D by one each. Voucher specimens collected in the garden are deposited in Herbarium Vadense (WAG) under the following numbers: were grown in greenhouses in 3-liter pots with a soil mixture of 75% sand and 25% potting cornpost. Growth conditions for these greenhouse plants from April27 to August 7 in Wageningen were varied as follows: soil fertility (0.318 g N /pot and noN application), temperature (22°C and 18°C constant temperature) and daylength (natural long days, natural daylengths for one month changed to 12-hour cycles of light and dark for the remainder of the season, and 12hour cycles of light and dark during the entire growing season). An additional set of plants from each of the six populations was grown in outdoor experimental plots under natural conditions in Wageningen during the season of 1987. These natural outdoor conditions were considered a separate treatment, yielding eight treatments in total.
Plants were harvested and dried after flowering. From each treatment and each clone, at least one flowering primary shoot, if available, was chosen along with the smallest (flowering) secondary shoot. Shoot status (i.e., primary or secondary shoot) was considered a further variable to be tested. Forty characters were measured, including those used by Kiikenthal (1935) , as indicated in Table 2 . However, form and color of spikelets were difficult to assess quantitatively and were not studied. Another 24 characters were calculated and derived from the 40 primary values, yielding a total of 65 variables. These almost exclusively concern characters of the inflorescence ( Fig. 1 ; Table 2 ).
Analysis of variance was performed for unbalanced design to test character dependence on genetic background, environmental conditions, and shoot status. Data were analysed using the GLM procedure of the SAS 6.0 statistical package (SAS Institute Inc. 1985) .
Clustering and Ordination. Herbarium material was studied from two main sources.
1) About 1,000 C. esculentus vouchers from various herbaria (B, BM, K, L, MO, PRE, US, WAG) were examined. After an initial review, 50 of them, from 41 populations covering the range of variation on a global scale and usually cited by Kiikenthal (1935) , were selected for numerical analysis. This group included the range of variation described by Kiikenthal, and the type material of five varieties: var. heermannii, var. sprucei, var. cyclolepis, var. macrostachyus, and var. nervoso-striatus. 2) In the Netherlands 136 inflorescences were collected from the field or from plants grown in pots in the greenhouse or the experimental garden. They were dried and deposited in Herbarium Vadense (WAG). Of these, 20 that cov-[Volume 20 (Table  3) were screened for the characters chosen according to the results of the experimental evaluation. Data were standardized and preprocessed with the ACECLUS procedure of the SAS statistical package. Canonical variables from this procedure were used for clustering and ordination. Relationships among the plants were analyzed with Wards minimum variance method of the CLUSTER procedure (SAS Institute Inc. 1985) .
Results of the clustering analysis were cornpared with the classification by Kiikenthal (1935) and the geographic origin of the selected plants.
The characters of contradictory specimens were compared, and individual plants were reclassified as necessary. Based on this analysis, descriptions of four varieties were revised and their geographic distribution indicated.
RESULTS

Character Reliability.
Clones did not flower in every situation. Clones A-EK and C-MK flowered under all conditions, except short days, where none of the clones produced an inflorescence. Shoots of clone C-MK did not grow under short day conditions, but did produce a few tubers. Clones B frequently produced flowers under higher temperatures; under other conditions B usually produced a culm with bracts only. Fifty-three flowering shoots were harvested and their data used for statistical analysis. Table 4 summarizes the results of the analysis of variance. In 44 out of 65 cases, characters differed significantly between clones, and 31 characters were shown to be sensitive to environmental variation or shoot status. Based on these results four groups of characters were distinguished.
Group 1 includes the most important characters, since they differ significantly between clones and are stable with respect to variable growing conditions and shoot status. The characters in group 2 vary between clones also, but they are affected by environmental conditions and shoot status and can be useful only when the effect of clonal background is high corn- showing some characters described in Table 4 . gll, gl2 and gl3 =floral scales (glumes) from which characters Gl, G2 and G3 have been measured; pr =prophyll, br = bract of a spikelet from which 510 was measured, sp = secondary shoot, tu = tuber. pared to other sources of variation. However, under uniform conditio~s these characters can be as important as characters of group 1. Group 3 consists of characters that show no significant differences and therefore can not be used in distinguishing the clones included in this experiment. However, they can be excellent characters separating other clones. Characters in group 4 have no taxonomic value. They did not differ among the clones studied; their variation is due to other factors.
Characters were chosen for further taxonomic treatment using the following criteria: 1) high between-clone variation compared to variation caused by environmental differences or shoot status, and 2) low suspected dependence upon other selected characters. Seventeen characters indicated in Table 4 were selected, 13 from group 1, three from group 2, and one from group 3.
[Volume 20 TABLE 4 . F values in the analysis of variance, testing the effect of clonal origin, environmental conditions, and shoot status on morphological characters of Cyperus esculentus (* P < 0.01; ** P < 0.001; *** P < 0.0001). Cluster Analysis. Figure 2 presents theresults of the cluster analysis of the 70 plants included in this study (Table 3) . Their classification according toTer Borg et al. (1988) and Kiikenthal (1935) are indicated as well as their geographic origins. The analysis shows four main clusters. Figure 3 gives the ordination diagrams of the same plants, showing their position according to cluster number (Fig. 3A) , taxonomic position ( Fig. 3B ), or geographic origin (Fig. 3C ). There are no distinct clusters in Fig. 3 . However, there is a clear relationship between cluster borders and classification (Fig. 3B) , and geographic origin (Fig. 3C) .
Source of variation
In general the position of plants from the American continents (Fig. 2, clusters 1, 3, and  4) is clearly distinct from that of plants from other continents, most of whkh belong to cluster 2. Only 4 plants did not fit into this pattern (outlined in Fig. 3 ), viz. Reverchon s.n. (US); Trochain 171 (K); Volkens 2111 (K); Thomson 69 (K);
( kenthal and appear to be on the edge of cluster 2 according to the ordination. Therefore it seems to be justified to consider these plants var. esculentus.
All clusters but number 1 were found to be rather homogeneous, and dominated by a single variety; cluster 2 is dominated by var. esculentus, cluster 3 by var. heermannii, and cluster 4 by var. leptostachyus.
Apart for the single exception of De Nijs 7005 (WAG), (Table 3, no. 4) , all plants belonging to the four biotypes distinguished in the Dutch material were found grouped, each group in a separate cluster (Fig. 2) . Cluster 1 appears to include four varieties, none of which predominates. Six plants had been identified as var. esculentus by Kiikenthal, five as var. macrostachyus, four as var. leptostachyus, and one as var. sprucei. Most of these originate from the Americas and only two from Africa; the latter already have been assigned as var. esculentus. Table 5 gives the data on floral I I I I II  I I I II  II  I I I I I I I I  II I I [Volume 20 TABLE 5. Final determination of American Cyperus esculentus plants of cluster 1, which are erroneously determined by Kiikenthal (1935) , on floral scale and spikelet dimensions. Measurements (in mm) for G2, G4, G5, 54, and 56 are as described in Table 2 and Fig. 1 . Population number according to 
DISCUSSION
Character Evaluation. Seventeen characters were selected as diagnostically useful for the infraspecific taxonomy, as opposed to seven characters used by Kiikenthal (1935) . Although not used by Kiikenthal, dimensions of the floral scale (G10, G4 and G5), are significant characters according to the analysis of variance. Several characters mentioned by Kiikenthal (1935) were not included in our analysis. Two were excluded because they were difficult to quantify (shape and color of spikelets) and four more characters, spikelet width (56), number of spikelets per spike (E4), culm width (C7) and number of bracts (C8) were sensitive to environmental variation or shoot status ( was left out because of its logical dependence on two other significant characters, 51 (number of floral scales on a spikelet) and 520 (number of floral scales/mm spikelet) Spikelet length (54) and width (56) are the most important characters used by previous authors (Kiikenthal1935; Fernald 1950; Yip 1978) and are included in the descriptions of varieties and sometimes used for their delimitation. U sually exact values are given. According to the analysis of variance, spikelet length (54) is a group 2 character. It differs significantly (P < 0.0001) between clones and between primary and secondary shoots (P < 0.001). For environmental conditions P was just over 0.01 (Table  4) . Although spikelet length is a relevant character it may vary considerably within one clone (Fig. 5 ). According to Kiikenthal (1935) , varieties differ in spikelet lengths as follows: var. lengths in all categories. These results make the use of exact limits between varieties of this character questionable and give reason to doubt the central position of this character in the infraspecific taxonomy of Yellow Nutsedge.
Spikelet width (Table 2 , 56) appeared to be sensitive to environmental conditions and no evidence of genetic differences between clones analyzed was found for this character. It is a product of length of floral scales (Table 2, G2) and angle of divergence of floral scales from the rachilla (Table 2 , 516), both of which were selected as taxonomically useful characters. Spikelet width itself, however, is not a reliable character for the following reason. Plants analyzed often combined a long floral scale with a narrow angle of divergence, in which case spikelet width was normal (ca. 2 mm). Under relatively long dry conditions, however, scale angles increase slightly, with a strong effect on spikelet width, which is expressed as 2 x sin( scale angle) x scale-length. This strong effect is especially the case when scales are long and the angle of divergence is normally narrow (e.g., in var. macrostachyus). Therefore spikelet width is an unreliable character, sensitive to drying and other environmental conditions (Table 4) , and should not be used in assessing the infraspecific taxonomy of C. esculentus.
Treatment of the Varieties. The results of the numerical analysis show that all four clusters, after minor corrections, are homogeneous, in regard of morphology and geographic origin. They appear to correlate fairly well with taxa distinguished by Kiikenthal (1935) , who recognized them at the level of varieties. Later authors (e.g., Fernald 1950) reduced them to forms. However, because of the strong relationship between the clusters distinguished and their geographic origin (Fig. 3B , C) recognition at varietal level seems warranted. Moreover, it was found that populations differ with respect to a range of ecological, physiological, and agriculturally important characteristics. This variation appeared to be related to the taxa; therefore, following Kiikenthal (1935) and Mohlenbrock (1960) , we maintain a varietal classification.
In cluster 1 four varieties identified by Kiikenthal are present. However, as indicated above, some of the plants included should be reclassified according to our standards. This leaves cluster 1 with var. macrostachyus and var. sprucei. Table 1 and Fig. 4C show that the differences between these varieties are very small.
Originally var. sprucei was distinguished because of its longer stigmata, yellow-brown floral scales, and slightly wider spikelets (Table 1) . However, Fig. 4C shows that all but two characters of the type specimen of var. sprucei (Spruce 6414) are within the range of variation of var.
macrostachyus, the exceptions being floral scale density per spikelet (520) and angle between floral scales and rachilla (516). A further comparison of the type materials (Spruce 6414 and Drummond 452) leads to the conclusion that there is little reason to distinguish two separate varieties. The fact that these have been distinguished may have a historical background. Variety macrostachyus was described in 1870, when Boeckeler reduced C. lutescens to varietal status within C. esculentus. Later Clarke (1884) introduced var. sprucei, for the American plants with large inflorescences. At that time he still considered C. lutescens as a distinct species. Since var. macrostachyus was the first variety de-scribed, cluster 1 should have that name. This also means that, in contrast to Ter Borg et al. (1988) , the Dutch biotype A should be identified as var. macrostachyus.
Cluster 2 incH·t.des three varieties, var. esculentus, var. nervoso-striatus, and var. cyclolepis. The latter was distinguished by Kiikenthal (1935) because of its short and broad spikelets (Table 1) ; however, these characters were found to have a high level of plasticity. Since the type material (Rehmann 4776) hardly falls outside the central range of var. esculentus (Fig. 4A ), we conclude that there is not enough evidence to consider var. cyclolepis varietally distinct. Plants identified as such belong to var. esculentus.
According to Kiikenthal (1935) , var. nervosostriatus should be distinguished because of the deviating shape of its achenes and high spikelet density (Table 1 ). Figure 4B shows that achene width (FlO) is rather high, but it is within the range of var. esculentus. Spikelet density (E9) is distinct, and relative length of the floral scales at the top and at the base of the spikelets (G6 and G9) have deviating values. However, the most important values of the flower and floral scale characters are well within the range of var. esculentus. Therefore, there is not enough reason to distinguish var. nervoso-striatus as a separate variety.
Though they are all in one subgrouping of cluster 2 (Fig. 3B ), Dutch plants of biotype C fall within this cluster, and therefore also should be identified as var. esculentus instead of var. cyclolepis as was done previously (Ter Borg et al. 1988 (Fig. 6D) , primarily due to an extremely high spikelet density (Fig. 4E) . The number of rays is often much smaller than the number of involucra! bracts (Cll), indicating that some spikes did not develop. In the Netherlands, plants often did not flower at all, but produced a culm with bracts only (Fig. 6E ). This might have been caused by some pathogen, as in Cyperus virens Michx., where a systemic fungus was found to induce vivipary (Clay 1986 ). However, the plants were found to differ in other respects also, e.g., density of the erect (E8) spikelets on the axis (E9), and shape and oil content of tubers (unpubl. data). This justifies recognition at the varietal level as var. heermannii. Further study of the Dutch plants indicated that more than one genotype is involved.
As discussed under RESULTS, cluster 4 retains only plants identified as var. leptostachyus, together with the Dutch biotype D (Fig. 4D ). All others have been removed for the reasons discussed.
In general, the clusters distinguished herein correspond with taxa described in previous literature. In spite of the totally different starting points of the methods, these studies resulted in similar taxonomic patterns, yielding four varieties, var. esculentus, var. leptostachyus, var. macrostachyus, and var. heermannii described by Kiikenthal (1935) . 
KEY AND TAXONOMIC TREATMENT
The following key to the accepted varieties of C. esculentus is based mainly on characteristics of individual flowers because the growing experiments indicated them as the most reliable parameters for segregation of the varieties. .. var. leptostachyus 11. Other combination of characters .. var. esculentus After a general characterization of C. esculentus, descriptions are given for the four varieties accepted. These are primarily based on the clusters resulting from the numerical analysis and the parameters included. Ranges indicated are based on the average values plus or minus one standard deviation. Further details are given in Table 6 . Relevant characters mentioned by other authors have been included, as far as their relation with the variety is consistent. This concerns characters of spikelets and tubers.
CYPERUS ESCULENTUS L. Sp. Pl. ed. 1: 45. 1753.-TYPE: Morison, Pl. hist. univ. vol. 3, sect. P, t. 11, no.S ["10"] , 1699, lectotype, designated by Tucker (1994) .
Perennial often weedy plants with usually long fleshy rhizomes producing new shoots or with one persistent tuber at the end. Leaves 70(-120) em long and up to 10 mm wide, linear, clustered, pale green. Culm up to 60(-100) em long, triangular, ending in an inflorescence with 5-11, 10-50 em long bracts around a number of spikes; the primary spike is almost sessile, the others are up to 25 em long, usually half the length of the corresponding bract, pedunculate. Spikes, sometimes compound, with 2nd order branches, and up to 30(-50) spikelets. Spikelets compressed, 5-30(-55) mm long and 1-3 mm wide. Scales yellow-brown, (1.5-)2.0-3.3( -4.5) Var.leptostachyus. D. Var. heermannii. mm long and 1.4-2.4 mm wide, obtuse and sometimes slightly mucronulate, with 2-3 distinct veins, which can be reddish. Rachilla with adnate hyaline scales. Ovary 1-1.2 mm long and 0.3-0.6 mm wide, pale green. Achene 1.2-1.6 mm long and 0.5-0.8 mm wide, triangular, ellipsoid or narrowly obovoid, smooth, bright grey-brown. Anthers 1.0-2.1 mm long. Style (0.6-)0.8-2.0( -2.2) mm long, with three stigmata, length (1.2-) 1.4-3.5( -4.5 ) mm.
